Abstract: This paper explores the use of visualisations to support governance of complex systems. The problem area that is addressed in this discussion is the management of resources within an environment where multiple unrelated activities require access to a common pool of resources. This begins with an exploration of the existing techniques that are used to visualise resource utilisation and identifies the challenges they encounter when applied to large or unwieldy data sets. The paper continues by discussing the use of temporal heat maps as a visualisation approach that addresses many of these issues and also allows the presentation to be tuned to provide new perspectives on the same data.
Introduction
It can be said that the governance of any system is a simple affair if the system is simple. Even in a complicated system, if after study and exploration all of its components and their inter-connections can be defined, predicted and regulated -then the governance of such a system becomes achievable through direct manipulation. The greatest challenges only arise when governance is applied to the complex system. Complexity, by its nature, demands that the system and its inter-connections and interactions with the environment cannot be fully known. In part, this is because each of these things is dynamic and constantly evolving in response to the continuous evolution of the components that surround it. If such a swirling ball of complexity is ever to be understood, let alone controlled or governed, it must be through a process of abstraction that allows the governing entity to mask unnecessary noise and focus tightly on the elements that are perceived as critical. This initial perception may be wrong, but often this only becomes evident when it can be seen standing alone in the stark light. This is the very nature of visualisation. It allows an entity with a high level of complexity to be decomposed or reconstituted in such a way that some part(s) of it can be understood. This forms a basis for decision-making and is the foundation of governance.
The use of visual representations for project planning and scheduling actually predates the concept of formal project management techniques by decades. The Gantt chart, for instance, which was introduced in the earlier 1900's by Henry Gantt (Wilson, 2003) predates the formalised techniques of the programme evaluation and review technique (PERT) and critical path methods (CPM) by nearly 50 years (Kelley, 1961; Malcolm et al., 1959) . To appreciate the high regard in which such visualisation methods are held, it should be observed that the Gantt chart continues to be the primary method for representing project planning today, while both PERT and CPM have faded into relative obscurity (Wilson, 2003; Hendrickson and Tung, 2008) .
The value of such a representation lies in the fact that it enables the observer, often with little technical training, to immediately discern conditions within a system of interest. Well-designed representations, such as Gantt's, are broadly applicable across multiple disciplines, as well, contributing to their general acceptance.
One of the primary strengths of visual models is that they create an abstraction from the system under study that allows the user to highlight areas of interest and minimise elements that are not immediately pertinent. By keying in on specific features, visual models are a powerful tool for exploring critical system parameters in sharp relief while maintaining some level of contextual abstraction. The extent of context that is visible should be tuned to be just enough that the behaviour of the observed features makes sense within the model environment, without contextual elements overwhelming the field of view.
Another objective in developing any system model or visualisation is to create a prism through which all observers, regardless of their world view or vantage point, can identify system characteristics with some level of agreement on their meaning. This agreement does not have to be perfect, nor does it have to be complete. It merely needs to provide a new point of concurrence from which further activity may proceed. In short, a good visualisation promotes understanding and advancement through a common view of system elements within their contextual environment. This paper will describe a specific visualisation approach that is currently being explored. The approach attempts to provide an abstract overview of resources over time that allows the observer to quickly detect potential problems in resource allocation and take corrective action. While the problem being addressed is not new and alternative solutions have been developed for addressing utilisation bottlenecks, this paper focuses specifically on creating a visual mechanism for identifying deficiencies in the employment of multiple resource types, as well as visualising the relative significance of the problem.
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A critique of existing visualisation techniques
Category grouped bar charts
In this illustration from the Australian State of the Environment report, resource utilisation is shown in a grouped bar chart where individual columns represent a certain type of utilisation over a one year interval. All data within each category is expressed in a series of columns (from the first period to the last) before moving on to the next category. This type of chart introduces a number of challenges when used for resource monitoring. Specifically, note that in this model as the time intervals or the number of categories increase, the bars become narrower. As this occurs, the chart becomes increasingly difficult to read. Further, in situations where only a few categories are shown the bars may become very large. Because the bar colour is only used to differentiate the time interval, an opportunity is lost to use the available real estate to provide valuable data. Also, because the time scale is not continuous across the entire chart, this visualisation technique does not facilitate the observer's ability to see resource utilisation problems that are happening concurrently across several resources.
Interval grouped bar charts
This visualisation is a variation on the prior theme. In this graphic the resource categories are grouped by time interval and the variations in pattern are used to differentiate the type or category. While this design does facilitate the comparison of different resources at the same time, it experiences difficulties when the time granularity begins to increase.
Figure 2 Interval grouped bar chart
Source: Davies (2011) For example, using this approach to develop a report of daily resource utilisation over a two month period means that there may be a forest of 60 time groupings from beginning to end. If the data is compressed into larger intervals, then data averaging is likely to be required. This averaging can result in the loss of information regarding short periods of abnormal activity where usage is significantly higher or lower than average.
Line charts
This visualisation of petroleum consumption makes a significant stride in portraying resource utilisation over time. While the chart does effectively demonstrate the amount of a resource that is used over the time period, it does not effectively illustrate if any level of consumption is either deficient or excessive. Further, categories with particularly high values cause others of lesser scale to be compressed -making the magnitude of their variations appear to be less significant. Finally, as more data fields are introduced into this type of chart, individual lines and series begin to overlap and obscure the data.
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Figure 3 Resource line chart (see online version for colours)
Source: Laherrère (2013) 
Segmented column bar charts
This approach integrates both time and differing types or modes of consumption into a single graph. While the model does integrate time and level of consumption across the axes, the representation makes it challenging for an observer to quickly differentiate between two similarly sized consumption categories and it introduces problems in determining the amount of change of the same category between time intervals. This is particularly if a preceding category's size varies widely. Additionally, the definition of this visualisation method is likely to suffer as more categories are added and more bars are compressed into the same amount of space. While other visualisations are available, in general they are limited by the same challenges that were described in the preceding paragraphs, specifically they suffer from one or more of the following deficiencies: a they are non-continuous along either the time axis or the resource axis b as the number of resources increases, the ability to discern between different resources decreases c as the time interval increases, the resolution at lower intervals is lost -typically, when values are combined or averaged d they lack definition when either the scale or the variance of values varies greatly between resources e they do not provide an immediate qualitative assessment of whether the values are good or bad.
The following section discusses an approach that uses existing visualisation approaches and a multi-layer presentation to evaluate resource usage with the goal of addressing the above issues. 
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Methodology
Choropleth mapping
Choropleth mapping refers to the technique of using colour gradations on a diagram (typically a map) to portray thematic information. The earliest of these maps, created in 1829 by Guerry and Balbi, was used to illustrate crime statistics in France (Friendly, 2009) . As illustrated in the election map below, choropleths are able to convey visual information that provides both proximity and an impression of magnitude. While the choropleth had its origins in cartography, in 1991 Cormac Kinney developed a colour-coded cluster analysis system to illustrate financial market information in real time. Coined 'heatmaps' by Kinney, these models would later gain broad acceptance in medical and biological research. Notably, although both the choropleth and the heatmap provide a mechanism for using gradations of colour to indicate small variations, neither of them adequately illustrates such changes over a period time. To address this, it is necessary to look at the heat map from a different angle. One should also note that the colour gradation in this chart is a continuous spectrum and is capable of visually representing many distinct values across the specified time intervals. It follows that, if the width in pixels of the chart is greater than the total number of measurements, then all distinct values can normally be represented. Certain exceptions do apply. In the event of micro trimmers within the data, variations that are significantly less than 1% are likely to resolve to the same colour value. In these cases, visually discernable variations will not be present. Additionally, because of the manner in which the data is bounded in this example, all values in excess of 100% will resolve to the same colour.
The temporal heat map
Of equal importance, though, is the strip chart shown below the usage curve. In this image, the graph is omitted and only the colour variations where the curve penetrates the various layers are shown. Although significantly smaller, this chart immediately draws the viewer's eye to the hot spot in the middle of the chart -the interval of time when the resource is being over utilised. For the project manager looking for underutilised resources, the outer blue bands of the chart are equally evident.
This approach, immediately addresses two of the areas of concerned identified earlier. First, the graph provides a continuous representation of time and, secondly, it provides a qualitative interpretation of the data. It does not, however, address the issues that arise when multiple resource types are analysed concurrently.
Mapping resource aggregates
Using the temporal heat map as a starting point for representing resource utilisation, the next step is to attempt to combine multiple resource types into a single visualisation. In the example shown in Figure 7 , the utilisation of six distinct resource types is represented across the course of a fiscal year. Although the selection of utilisation levels for each of the gradations is at the discretion of the developer, for this model the following percentages were used: a 0%-20% -under utilised: less than 20% of the available resources are used -80% are idle.
b 20%-30% -low utilisation: while the selection of a 30% threshold for low utilisation may seem wasteful, in the application environment where this model was developed the primary concern was identifying constrained resources. Therefore, identifying under-utilisation was not an objective.
c 30%-80% -moderate utilisation: resource utilisation that falls within this band is considered acceptable.
d 80%-100% -high utilisation: this percentage was selected as the bottom of the high utilisation range because staff available at or above 80% is commonly impacted by the ebb and flow of regular activities, such as sick leave, vacations and holidays.
e 100%-over utilised: resource consumption in excess of 100% is over utilised.
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Figure 7 Aggregate resource consumption within a single project (see online version for colours)
Source: Akers (2014) If the observer approaches this diagram with an understanding that red is bad, a cursory examination of this model provides an immediate qualitative appreciation of which resources are being constrained over time. Specifically, in this graph it is clear that the Cryogenics Department is significantly over utilised (particularly the cryogenic technicians), with the Electrical Department coming in a distant second. To see the full extent of the impact, the project manager might follow up by examining a utilisation chart specific to an individual discipline using a different visualisation approach. In this case, Figure 8 shows a resource line chart for the cryogenic engineer resources which is generated from the same data. Guided by the insights provided by the temporal heat map, the manager can use this chart to assess the number of workers scheduled versus the number available. Source: Akers (2014) It should be noted, that many of the existing visualisation solutions can adequately, represent six resources. However, as the number of resources increase, each of those representations become less readable or loses definition. The charts in the following section demonstrate the strength of temporal heat mapping in a large, multi project environment.
Mapping resource aggregates across competing projects
The final step in developing this approach is to apply it to a complex multi-project environment. Although the projects represented here all exist within the same larger institution, rather than cooperating they may actually be in competition for the same limited resources to meet their individual deadlines. Further, the individual projects and schedules are developed independently of one another and are often unaware of demands created within other activities until the plans are coalesced at a higher level. In these cases, it is ultimately the responsibility of the governing entity to identify and eliminate resource constraints based on institutional priorities rather than lower level motivations. Source: Akers (2014) The model shown in Figure 9 contains a visualisation based on randomly generated data and represents 39 resource types that are allocated across 289 distinct projects. The data was constrained to ensure that none of the resources were over allocated on any individual project or activity. As a result, all resources that are over utilised in this chart are a direct result of a shared resource being consumed by two or more concurrent activities. Note that the utilisation thresholds used for this chart are the same as those used in Figure 7 . In contrast to Figure 9 , Figure 10 shows the same data provided using a traditional line chart. Although the line chart does have the benefit of representing the extent to which individual utilisation values exceed the number of resources available, the majority of the data is lost in a forest of overlapping lines. Finally, the data represented in the line chart is dependent on the observer being able to easily differentiate between data series using the line colour. As a result, as the number of resources increases the options for providing distinctly differing line styles are quickly consumed. Source: Akers (2014) While the chart shown in Figure 9 does provide the desired capability of visually identifying resources that are oversubscribed, it still has significant room for improvement. Because the chart represents a continuous flow of time from left to right, the ordering of the strips within the chart can be sorted by average level of consumption to create a qualitative stratification based on level of resource consumption. Notably, this allows the same chart data to be used to create many different visualisations, each of which focuses on a specific time range. Source: Akers (2014) To change the focus of the visualisation, the underlying strip charts may be sorted by overall utilisation, average utilisation during a specific time period, or any number of pertinent factors. To illustrate this, Figure 11 shows a representation of the same data used in Figures 9 and 10 , only sorted based on average utilisation during the fiscal year. From a qualitative perspective, this creates a cloud of red at the top of the chart as over utilised resources rise to the top; giving the governing entity an immediate impression of the scope of the problem, as well as the groups in which it is manifested.
Implementation challenges
During the initial implementation of this model, there were a number of factors that limited its applicability. For the purposes of discussion, the technique was developed in an organisation with 1,000+ staff members working in both projects and operational capacities on 20 or more major activities. The deployment of the model in this environment revealed a number of areas of improvement that would not only enhance the applicability of the model, but also boost overall manageability within the organisation. The following were the most notable issues that were identified during early implementation.
Inadequate labour categorisation
The organisation where the model was being tested is characterised by large collections of engineers, scientists and technicians who are distributed into a few broad categories. This categorisation system was an emergent quality of the organisation and was developed at the facilities' inception as a mechanism for characterising staff from a purely administrative standpoint. Notably, although staff members were very versatile during the early years, as time passed an increasing number of specialties emergeddriven by specific demands of the evolving technologies. An electrical engineer was no longer a generic skillset, but instead had evolved into highly specialised radio frequency engineers, instrumentation and control engineers, magnet and power system engineers and so on. These engineers were no longer interchangeable -but they were still identified by a common nomenclature in our project planning documents. Naturally, this lack of definition made it impossible to determine if we had adequate staff to accomplish the mission. In order to alleviate this problem, it was necessary to add additional sub-categories in the major science and engineering resource groups. This was undertaken with caution, however, to ensure that the granularity of sub-groups did not become too fine. In all cases, the decomposition of skill sets was limited to achieve the largest group where all its members could reasonably provide a well-defined set of capabilities.
Inconsistent naming conventions
A more mundane problem, although still challenging, was variations in naming conventions across the organisation. Either because of varying internal practices or mandates from projects originating outside of the organisation, the categories used to identify resource types varied significantly between projects and internal management tools. This variation made it difficult to discern how many of each resource type would be consumed across a multi-project environment.
Once identified, this problem is easily addressed by the deployment of a translation table that associates the myriad resource names with a single, institutional tag. This common tag is then used for labour and resource planning operations.
Inadequate project scheduling
A final major issue that represented a challenge to the deployment of this model was the variations that were present in project planning techniques. As one might imagine, good resource planning relies on accurate, fine grained scheduling to determine how many resources are required needed. Unfortunately, the level of planning that was being conducted for both new and ongoing projects ran the gamut from incredibly detailed to level-of-effort (representing the total labour hours over a period of time).
Needless to say, the quality of assessment that any model can provide is limited to the quality and accuracy of the data that is supplied. In this case, when using level-of-effort data it is possible to determine if there are enough resources available to address work that is evenly distributed across the time period, but it provides no mechanism for detecting and responding to short term bottlenecks that are the result of overlapping activities.
Fortunately, the level of accuracy required for effectively modelling resource requirements becomes increasingly important as they grow closer in time. This allows projects in the out years to be estimated using level-of-effort or rough-order-ofmagnitude, with the details being brought into tighter focus as they reach a 12 to 18 month distance in the future.
Future directions
As stated earlier, the goal in developing this approach to resource model was to create a common perspective that promoted understanding of resource utilisation within a complex environment. Notably, identifying where resource conflicts and bottlenecks exist is only a first step. Efforts to identify potential resolutions to such conflicts may also be incorporated into this approach.
Future adaptations to this model should incorporate the concept of resources that can adequately satisfy multiple requirement types. While this suggests the resource may be able to function in a number of capacities, there are several factors that are likely to impact its performance. These include: a it cannot serve in two capacities at the same time b the quality of workmanship may vary depending on experience and training c the time required may vary based on skill d the cost of the resource may not justify its use on certain tasks (i.e., using a mechanical engineer to change air filters).
Integrating these factors into the model is possible and doing so would allow the model to present scenarios where resources can be reallocated to address shortages and to level utilisations. In order to implement such an approach it is also necessary to introduce and maintain a number of key variables into the resource management database. Specifically, the overlapping areas of expertise that each resource can provide, a quality factor indicating how well it can perform in that capacity and a value factor that compares the cost of the resource with the commodity value of a resource perfectly suited to the task. While potentially highly beneficial, this approach becomes increasingly difficult to manage over time, particularly in human resources, as they become more specialised in one area and skills degrade in others.
Conclusions
While this paper focuses on the use of temporal heat maps to visualise resource utilisation and availability, the approach is not limited to that domain. The use of this and similar visualisation approaches has broad implications within the world of system governance.
In particular, the employment of real-time, adaptable visualisations allows decision makers to view one set data from a variety of perspective -each of which may provide new insight into problem solving. Potential applications of visualisation in governance not only include resource management, but also system diagnostics, the identification of structural and functional pathologies, performance analysis and a host of other applications where patterns are more easily discernable from abstract representations than from raw data.
Because of this, further exploration of visual modelling as a fundamental aspect of governance in a complex system environment should remain a key objective in future systems research as it may provide new and unforeseen perspectives into interactions and behaviours that are emerging within the system's domain. Further, by examining and re-examining system data through a variety of prisms, the governing meta-system increases its ability to understand more than the current state of the system, but may garner the ability to more accurately predict where it will be in the future.
